ABSTRACT Genes whose products are involved in reproduction include some of the fastest-evolving genes found within the genomes of several organisms. Drosophila has long been used to study the function and evolutionary dynamics of genes thought to be involved in sperm competition and sexual conflict, two processes that have been hypothesized to drive the adaptive evolution of reproductive molecules. Several seminal fluid proteins (Acps) made in the Drosophila male reproductive tract show evidence of rapid adaptive evolution. To identify candidate genes in the female reproductive tract that may be involved in female-male interactions and that may thus have been subjected to adaptive evolution, we used an evolutionary bioinformatics approach to analyze sequences from a cDNA library that we have generated from Drosophila female reproductive tracts. We further demonstrate that several of these genes have been subjected to positive selection. Their expression in female reproductive tracts, presence of signal sequences/transmembrane domains, and rapid adaptive evolution indicate that they are prime candidates to encode female reproductive molecules that interact with rapidly evolving male Acps.
G ENES whose products participate in reproduction
genome demonstrated that the genes encoding Acps are on average twice as divergent as non-Acp genes often show signs of adaptive evolution (Swanson and Vacquier 2002) . For example, two-dimensional gel (Swanson et al. 2001a) . Although no statistically significant departures from neutrality were observed in the electrophoresis has shown that proteins from Drosophila male and female reproductive organs are, on average, tests applied in their study, 11% of the ESTs identified by Swanson et al. (2001a) showed a signature consistent twice as diverse between species as those from nonreprowith adaptive evolution by virtue of having a d N /d S ratio ductive tissues (Civetta and Singh 1995) . A similar greater than one. pattern has been found at the nucleotide level for DroAlthough the nature and evolution of several reprosophila male accessory gland proteins (Acps)(Aguadé ductive molecules contributed by the male have been et al. 1992; Tsaur and Wu 1997; Aguadé 1998 Aguadé , 1999  studied in detail, relatively little is known about the Tsaur et al. 1998; Begun et al. 2000; evolution of female reproductive molecules. The few 2001a; Kern et al. 2004) . Acps are important compocases studied so far suggest that adaptive evolution may nents of the seminal fluid of the male ejaculate and also occur in female reproductive molecules. Positive have been shown to have a variety of effects on the selection on female reproductive molecules has been mated female (Wolfner 2002) . Acps have been shown detected in mammals (Swanson et al. 2001b ; to increase the female's egg laying rate (Herndon and Jansa et al. 2003) and abalone (Galindo et al. 2003) . Wolfner 1995; Soller et al. 1997 Soller et al. , 1999 Here we present the first systematic attempt to identify Chapman et al. 2003; Liu and Kubli 2003) , genes encoding female reproductive proteins in Droreduce her receptivity to remating (Chen et al. 1988;  sophila and to initiate evolutionary analyses of several Chapman et al. 2003; Liu and Kubli 2003) , decrease such genes. the female's lifespan (Chapman et al. 1995) , and be To this end, we have undertaken an evolutionary EST involved in sperm storage and utilization (Neubaum screen of the reproductive tract of female Drosophila. and Wolfner 1999; Tram and Wolfner 1999; Xue and Proteins produced in the female reproductive tract carry Noll 2000). An analysis of expressed sequence tags out a variety of important physiological functions. Pro-(ESTs) derived from Drosophila simulans male accessory cesses such as sperm storage, control of oogenesis and glands and compared to the completed D. melanogaster ovulation, and control over remating rate are likely to involve interactions between female molecules and molecules transferred from the male to the female. For 1 San Diego). We did not perform in-solution subtractive hybridmating (Neubaum and Wolfner 1999; Lung et al. 2002) , ization or normalize the cDNA library because these methods Acp26Aa localizes to the base of the ovary (Heifetz et gaster : YP1, YP2, and YP3 (Barnett et al. 1980) . These genes Our first goal in carrying out this EST screen was to were screened out of the library since yolk protein RNAs are identify a suite of genes whose products can be considabundantly expressed in the fat body, which is associated with the reproductive tract (Barnett et al. 1980) Aguadé 1998 Aguadé , 1999 Tsaur et al. 1998; Begun et al. 2000;  quenced directly using ABI big dye terminator sequencing chemistry and analyzed on an ABI 3100 automated sequencer. Swanson et al. 2001a; Kern et al. 2004) D. melanogaster, D. pseudoobscura, D. simulans, D. teissieri, and D. tract show signs consistent with having been subjected yakuba (detailed in results). We used two tree topologies [dif- to positive selection and identify 25 additional candidates fering only in the placement of D. erecta (Ko et al. 2003) ] and the that may also show adaptive evolution upon further analyresults were consistent. The two topologies were: (pseudoobscura, sis. The identification of genes involved in male-female lutescens, (eugracilis, (erecta, ((teissieri, yakuba) , (melanogaster, interactions during reproduction should provide imporsimulans))))) and (pseudoobscura, lutescens, (eugracilis, ((erecta, (teissieri, yakuba) ), (melanogaster, simulans)))). Sequences for tant molecular insight into sperm precedence (Parker analyses are based upon coding regions, we amplified the coding sequence from cDNA. Total RNA was extracted from mixed-age females using Trizol Reagent (Invitrogen). Random decamer primed cDNA was synthesized using MMLV-MATERIALS AND METHODS Reverse Transcriptase (Ambion, Austin, TX). Primers were designed in conserved regions of the genes of interest, which cDNA library preparation: Total RNA was purified by the were identified by aligning the D. melanogaster gene sequences guanidinium isothiocyanate/CsCl method (MacDonald et al.
with their tblastn best hits in the genome of D. pseudoobscura. 1987) from 600 female reproductive tracts minus ovaries (ovi-PCR primers and conditions are available as online suppleducts, uterus, parovaria, spermathecae, and seminal receptamentary material at http:/ /www.genetics.org/supplemental/. cle) that had been dissected from D. simulans of mixed aged PCR products were purified using the QIAquick PCR purificaadult flies from a bottle culture. mRNA was purified using tion kit (QIAGEN) and sequenced using an ABI 3700 se-QIAGEN (Valencia, CA) oligotex spin columns. Oligo(dT)-quencer (Macrogen). Sequences are deposited in GenBank primed cDNA was synthesized using superscript reverse transcriptase and cloned into the pCMV-Sport6 vector (Invitrogen, under accession nos. AY665365-AY665396. 19 of 20 genes analyzed showed statistical evidence for adaptive evolution, suggesting this may be a reasonable but upon detailed analysis incorporating variation in the d N /d S ratio between sites using maximum likelihood value to identify candidate genes that may have been subjected to adaptive evolution. The genes in Figure 1 it can be demonstrated that these genes are subjected to positive selection (Swanson et that fall between a d N /d S ratio of 0.3-0.5 also include a high proportion that show statistical evidence for adapal. 2001b) with a class of codons having a d N /d S ratio Ͼ 1. tive evolution upon closer examination; however, these may be overrepresented in our analyses due to the lack of reports detailing negative results (and thus they are not included in our analysis). The genes, references, and summary information are available as online supplementary material at http:/ /www.genetics.org/supplemental/ for the 70 genes analyzed in Figure 1 . Although only 25% of the 70 genes reported failed to show statistical evidence for adaptive evolution in subsequent PAML analysis, the proportion of genes under positive selection is surely overestimated due to the lack of reports that failed to detect adaptive evolution. Nonetheless, genes with an overall d N /d S ratio Ͼ0.5 are more likely to have been subjected to adaptive evolution and are thus good candidates for further study. In our EST screen, 27 out of the total of 461 protein-coding genes have d N /d S ratios Table 1 ).
dashed line is the cutoff of d N /d S ϭ 0.5 used to identify candidate genes that may have been subjected to positive selection.
Some of the genes identified by this female reproduc- tive tract evolutionary EST approach have predicted divergence analyses on five of the same genes in five to eight Drosophila species (Table 4) . Genes were chosen ORF sequences consistent with likely functions for Droon the basis of predicted extracellular localization of sophila reproductive proteins. Sixteen predicted peptithe protein they encode and/or overall d N /d S ratio Ͼ0.5. dases and eight predicted protease inhibitors were
For the polymorphism survey, we analyzed the frefound. At least two Drosophila male seminal fluid proteins quency spectrum (i.e., analysis of proportion of alleles that are transferred to females undergo proteolytic cleavat high vs. low frequencies) of the polymorphisms for age (Monsma et al. 1990; Bertram et al. 1996) , and in departures from equilibrium neutral expectations (Aquaat least one case this cleavage is dependent on contribudro 1997). In particular, we analyzed for an excess of rare tions from the female as well as the male (Park and alleles (i.e., singletons; Tajima 1989; Fu and Li 1993) or Wolfner 1995). Although the nature of the female an excess of high-frequency-derived polymorphisms (Fay contribution is unknown, it could involve proteases (to and Wu 2000). Either pattern could have resulted from cleave) and protease inhibitors (to confine cleavage to a recent selective sweep or a population bottleneck. To appropriate sites in the protein) such as the predicted maximize the power of our statistical tests, we focused ones identified here. Additionally, there are 47 different our analyses on intron regions, which should maximize proteins with putative transporter activity and 11 differvariation within and between species under neutrality. ent putative signal tranducer genes that could be inWe ruled out any genome-wide confounding effects, volved in regulating the mated female's physiology (Tasuch as demographics (e.g., population bottleneck), on ble 2). For example, it has been hypothesized that a these statistics, since three loci (Table 3) and additional transporter moves the Acp70a (sex peptide) from the reproductive tract to the hemolymph, where it binds receptors in the nervous system of the female (Ding et unpublished studies of these samples (C. F. Aquadro, D. simulans. We then analyzed the sequence data using maximum-likelihood methods (Nielsen and Yang 1998; unpublished results) conform to equilibrium neutral expectations. We performed polymorphism surveys for Yang et al. 2000) to detect variation in the d N /d S ratio between sites. Divergence analyses were not performed nine loci and found evidence for selective sweeps at six of these loci (Table 3) , suggesting the recent action of on CG17108 due to the biased amino acid and codon usage seen in this gene, which may induce errors in positive selection at or near these genes. Our results are bolstered by finding evidence for recent selective events parameter estimations using codon models. Whereas the polymorphism-based tests are capable of detecting using multiple statistics that utilize different regions of the frequency spectrum (i.e., high and low frequency).
recent selection in a single species, the divergence analyses can detect repeated episodes of positive selection on The genes under positive selection by this analysis include two putative proteases, a predicted transmemthe same codons in several species. A significant result using these latter methods suggests that a subset of cobrane receptor, and three genes with unknown function.
dons in a gene has been subjected to positive selection in several species. We find evidence of variation in the For the divergence studies, we sequenced from several additional Drosophila species five of the genes identid N /d S ratio for all five genes using the discrete model M3. Four of these genes have a class of sites with d N /d S Ͼ 1. fied from our polymorphism analysis as having evidence for a recent selective sweep in D. melanogaster and/or These four genes are still considered as only candidates for adaptive evolution since using a discrete model with (though not mutually exclusive) evolutionary hypothethree classes of d N /d S ratios compared to a single overall ses have been proposed to explain the rapid evolution average d N /d S ratio is not a robust test of adaptive evolu-(Parker 1970; Eberhard 1996; Rice 1996; Gavrilets tion (Swanson et al. 2001b) of these hypotheses, and of the mechanism of action of Using a more refined test with a beta distribution of these proteins, requires knowledge of the proteins in d N /d S for "neutral" or functionally constrained codons the female with which the male accessory gland proteins that covers the interval 0-1, we find evidence of positive interact. To identify genes that could encode such Acpselection acting upon a subset of codons for two of the interacting or -regulated proteins, we carried out an evolufive genes studied (Table 4 ). In both cases the sites in tionary EST screen of the female reproductive tract in D. this extra class have d N /d S ratios significantly Ͼ1, since simulans and D. melanogaster and identified 908 ESTs a model (M8) with a freely estimated extra class is sigcorresponding to 526 independent genes. These genes nificantly better than a model where the extra class has encode proteins predicted to mediate diverse biological a d N /d S ratio fixed at 1 (M8A; Table 4 ). One gene functions and include a number of candidates for pro-(CG3066) is a predicted trypsin-like serine protease.
teins in position to interact with Acps (by virtue of being Several of the codons inferred to be under positive secreted or having transmembrane domains). This screen selection in this gene lie within the predicted trypsin complements a previous evolutionary EST screen of the catalytic domain. Furthermore, several putatively semale accessory gland (Swanson et al. 2001a) . Together lected codons lie in the predicted clip domain, which these screens provide two sets of genes that likely inmay be involved in protein-protein interactions ( Jiang clude partners in molecular interactions that modulate and Kanost 2000). The second gene (CG16707) does reproductive success in these species. not belong to any predicted functional class.
Of the genes we identified here from the female reproductive tract, 461 contained sufficient protein-coding sequence in the D. simulans EST to make a comparison of DISCUSSION nonsynonymous (d N ) and synonymous (d S ) substitutions Adaptive evolution is becoming an increasingly combetween species. Twenty-seven proteins had a ratio of mon observation in the study of reproductive proteins.
nonsynonymous to synonymous substitutions Ͼ0.5, a The vast majority of studies have focused on malelevel that we argue is a useful cutoff to identify genes derived factors (Swanson and Vacquier 2002) , perlikely to show evidence of positive selection on further haps in part because these are easier to characterize more detailed analysis. Nine candidate proteins with and more have been identified. However, it is clear signal sequences and/or transmembrane domains, inthat female genotype plays an important role during cluding two with elevated levels of d N /d S substitution reproduction. In mammals, genes encoding the egg ratios, were further examined for evidence of recent coat proteins ZP2 and ZP3 have been demonstrated to positive selection by analysis of DNA sequence polymorundergo adaptive evolution. Several of the sites prephism in population samples of both D. melanogaster and dicted to be subjected to adaptive evolution are in re-D. simulans. Six of the nine genes showed evidence of gions implicated in sperm-egg binding (Swanson et al. a recent adaptive fixation at or near the candidate locus 2001b; Jansa et al. 2003) , indicating the selective pres- (Table 3 ). Subsequent analysis of sequence divergence sure may relate to sperm-egg interaction. In Drosophila, at five of these genes among five to eight species of it has been demonstrated that females play an important Drosophila revealed significant evidence for positive serole in sperm competition (Price 1997 ; Clark and lection accelerating amino acid sequence divergence at Begun 1998; Clark et al. 1999) . The class of genes between 3 and 9% of the codons in two genes. One of studied in this article includes several genes expressed in these two genes encodes a serine protease, while the other the female reproductive tract and subjected to adaptive encodes a protein of unknown function (Table 4 ). evolution. The identification of candidate genes encodIt is worth noting that the two types of evolutionary ing Drosophila female reproductive proteins is a crucial analyses utilized here (polymorphism and divergence) step toward understanding, at the molecular level, the male are most powerful at detecting different kinds of adapand female interactions that occur during reproduction. tive evolution. The polymorphism surveys are most powProteins transferred with sperm to the female during erful at detecting recent selective events (Simonsen et copulation significantly influence the mated female 's al. 1995) . The divergence analyses are most powerful behavior and physiology in some animals, such as inwhen recurrent selection acts upon a subset of codons sects, as well as the reproductive success of the particiover most lineages studied (Anisimova et al. 2001) . Impant gametes (Wolfner 1997 (Wolfner , 2002 . The rapid amino portantly, detection of nonneutral patterns by either acid sequence divergence of some of these male accesmethod should be considered evidence of adaptive evosory gland proteins (Tsaur and Wu 1997; Aguadé 1998, lution. The selective pressure driving the divergence of 1999; Tsaur et al. 1998; Begun et al. 2000; Swanson et al. 2001a ) begs explanation, and several competing these genes remains unknown, and determination of the function of the molecules should shed light on the conflict (Rice 1996; Gavrilets 2000) , and female choice (Eberhard 1996 the male accessory gland genes (Swanson et al. 2001a) . ESTs from (Swanson et al. 2001a) analysis (6% female 543-551. vs. 19% male Acp), the total number of genes with (Table 3 ). This is a higher proportion than that for 
